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Many  of  the  effects  of  dietary  restriction  (DR)  on  longev- 
ity and  health  span  in  model  organisms  have  been  linked 
to  reduced  protein  and  amino  acid  (AA)  intake  and 
the  stimulation  of  specific  nutrient  signaling  pathways. 
Studies  in  yeast  have  shown  that  addition  of  serine, 
threonine,  and  valine  in  media  promotes  cellular  sensi- 
tization and  aging  by  activating  different  but  connected 
pathways.  Protein  or  essential  AA  restriction  extends 
both  lifespan  and  healthspan  in  rodent  models.  In 
humans,  protein  restriction  (PR)  has  been  associated 
with  reduced  cancer,  diabetes,  and  overall  mortality. 
Thus,  interventions  aimed  at  lowering  the  intake  of 
proteins  or  specific  AAs  can  be  beneficial  and  have 
the  potential  to  be  widely  adopted  and  effective  in 
optimizing  healthspan. 

Basic  research  and  understanding  the  effects  of  dietary 
interventions 

A recent  study  that  evaluated  the  major  risk  factors  for 
disability  and  mortality  caused  by  chronic  diseases  found 
that,  of  the  17  major  risk  factors,  dietary  regimens  formed 
the  largest  group  of  risk  factors  in  the  US  [1].  Both  dietary 
composition  and  practices  are  among  the  most  malleable 
risk  factors.  For  example,  a 30-year  comprehensive  life- 
style intervention  in  Finland  resulted  in  an  80%  reduction 
in  risk  for  cardiovascular  disease  (CVD),  of  which  60%  has 
been  attributed  to  the  reduction  of  common  risk  factors 
such  as  cholesterol,  blood  pressure,  and  smoking  [2,3  . 

Among  the  interventions  associated  with  extended 
longevity  and  healthspan,  restriction  of  calorie  intake  by 
20-30%  below  the  average  (in  developed  countries)  is  the 
most  promising  due  to  its  potent  beneficial  changes  in  risk 
factors  and  biomarkers  for  age-related  diseases  including 
CVD,  diabetes,  and  cancer  [4].  In  model  organisms  ranging 
from  yeast  to  rodents,  calorie  restriction  (CR,  see  glossary) 
without  malnutrition  has  been  consistently  shown  to  in- 
crease longevity  [4].  Thus,  it  is  important  to  combine  basic 
research  aimed  at  understanding  the  effects  of  individual 
dietary  components  on  cellular  and  organismal  response, 
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with  rodent  and  human  studies  on  the  effect  of  dietary 
interventions  on  longevity  and  diseases. 

Among  the  macronutrients,  proteins  have  the  most 
impact  on  the  effects  of  CR  and  DR  (DR  refers  to  the 
restriction  of  one  or  more  macronutrients  with  or  without 
reducing  calories),  on  aging  and  diseases,  based  on  the 
observations  that  restriction  of  proteins  or  certain  AAs 
is  the  most  effective  single  macromolecule  restriction  in 
the  extension  of  longevity  and  reduced  incidence  and/or 
progression  of  multiple  age-related  diseases  [5]. 

Here,  we  provide  an  overview  of  the  current  understand- 
ing and  impact  of  proteins  and  AAs  on  health  and  lifespan 
based  on  numerous  studies  in  simple  organisms,  rodents, 
non-human  primates,  and  humans.  Clearly,  the  restriction 
of  carbohydrate  and  of  certain  types  of  fats  can  also 
be  beneficial,  particularly  in  combination  with  PR,  but 
because  the  effects  of  CR  on  healthspan  have  been  covered 
by  many  reviews,  we  focus  on  proteins,  longevity,  and  the 
mechanisms  linking  AAs  to  aging. 

Amino  acid  signaling,  aging,  and  DNA  damage  in  yeast 

In  major  eukaryotic  model  organisms,  from  the  unicellular 
yeast  to  mice,  pathways  that  are  involved  in  the  regulation 
of  metabolism  and  growth,  including  the  target  of  rapa- 
mycin  (TOR)/Sch9  [functional  ortholog  of  the  mammalian 
S6  kinase  (S6K)],  and  adenylate  cyclase-protein  kinase 

Glossary 

Branched  chain  amino  acid  (BCAA):  essential  amino  acids  that  have  an 
aliphatic  side  chain,  which  is  a carbon  atom  bound  to  at  least  two  other  carbon 
atoms.  Three  most  common  BCAAs  are  leucine,  isoleucine  and  valine. 

Caloric  restriction  (CR):  reduction  of  calorie  intake  by  20-40%  without 
malnutrition. 

Dietary  restriction  (DR):  a dietary  regimen  in  which  specific  food  groups  or 
micronutrients  are  reduced  or  removed  from  the  diet.  DR  also  includes  CR. 
General  control  nonderepressible  2 (GCN2):  a serine/threonine-protein  kinase 
that  plays  a key  role  in  modulating  amino  acid  metabolism  as  a response  to 
nutrient  deprivation.  It  senses  amino  acid  deficiency  through  binding  to 
uncharged  tRNA  and  represses  general  protein  synthesis. 

Insulin-like  growth  factors  (IGFs):  proteins  that  share  high  sequence  similarity  to 
insulin.  IGFs  are  part  of  the  IGF  family  of  proteins,  a complex  system  composed 
of  two  cell-surface  receptors  (IGF1R  and  IGF2R),  two  ligands  (IGF-1  and  IGF-2),  six 
high-affinity  IGF-binding  proteins  (IGFBP-1-6),  and  IGFBP-degrading  enzymes. 
Target  of  rapamycin  (TOR):  an  evolutionarily  conserved  kinase  that  regulates 
cell  cycle  progression  and  cell  growth  and  as  such  cell,  organ,  and  organismal 
size  by  integrating  signals  from  nutrients  such  as  AAs  and  growth  factors 
(in  higher  eukaryotes)  to.  In  mammals,  TOR  regulates  translation  through 
the  ribosomal  protein  S6K  and  the  eukaryotic  translation  initiation  factor 
4E-binding  proteins. 
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(PK)A  pathways,  can  also  promote  aging  and  increase 
mortality  [4].  In  most  instances,  CR  has  been  demonstrat- 
ed to  not  only  extend  lifespan,  but  also  promote  health- 
span,  suggesting  that  the  evolutionarily  conserved 
pathways  responsible  for  the  protective  effects  of  CR  have 
been  naturally  selected  for  in  ancient  organisms  as  a 
mechanism  to  protect  against  extrinsic  and  intrinsic  dam- 
age in  times  of  energy  scarcity.  Among  the  model  organ- 
isms to  study  aging,  the  yeast  Saccharomyces  cerevisiae  is 
perhaps  the  most  amenable  to  a combination  of  genetics 
and  biochemical  studies  aimed  at  understanding  the  link 
between  specific  components  of  the  diet,  such  as  sugars  and 
AAs,  to  cellular  protection  and  aging  [6,7] . Aging  in  yeast  is 
studied  by  measuring  replicative  senescence  (replicative 
lifespan),  and  chronological  aging  (chronological  lifespan). 
Unlike  in  most  higher  organisms,  prototrophic  yeast  cells 
can  synthesize  all  AAs,  but  auxotrophic  strains  that  lack 
the  ability  to  synthesize  specific  AAs  can  be  easily  gener- 
ated, allowing  researchers  to  regulate  the  levels  of  AAs  in 
the  media  and  intracellularly. 

In  S.  cerevisiae , multiple  pathways  represent  the  central 
pro-growth  and  pro-aging  signaling  network  activated  by 
nutrients  [4] . The  TORl-Sch9  pathway  is  primarily  acti- 
vated by  AAs  (Figure  1),  whereas  the  Ras2-cAMP-PKA 


pathway  is  turned  on  predominantly  by  glucose  [4] . The 
activation  of  these  pathways  by  nutrients  inhibits  the  activ- 
ity of  the  serine/threonine  kinase,  Rim  15  (regulator  of 
IME2),  and  consequently  the  activity  of  stress  resistance 
transcription  factors  Msn2/Msn4  (multicopy  suppressor 
of  SNF1  mutation)  and  Gisl  (glycogenin-like  gene  1-2  sup- 
pressor), which  play  critical  roles  in  the  lifespan  extension 
caused  by  CR  [8,9] . Genetic  disruption  of  TORl-Sch9,  Ras2, 
or  both,  extends  lifespan  in  this  organism  by  up  to  fivefold 
[10].  In  agreement  with  an  effect  of  nutrient  signaling  on 
both  aging  and  mortality,  yeast  cells  deficient  in  TORl-Sch9 
or  Ras2-cAMP-PKA  signaling  display  a reduced  genome 
instability  phenotype  and  show  greater  resistance  to  oxida- 
tive stress  [6,10,11]. 

The  availability  of  strains  lacking  or  overexpressing 
most  of  the  genes  in  the  nutrient  signaling  pathways, 
combined  with  the  use  of  biochemically  defined  media, 
has  allowed  researchers  to  evaluate  the  impact  of  specific 
AAs  on  the  pro-aging  signaling  described  above  and  their 
subsequent  role  on  macromolecular  damage  and  lifespan 
[12-14].  Both  glucose  and  AA  restriction  are  sufficient  to 
extend  the  yeast  lifespan  [13,14].  AA  scarcity  drives  the 
accumulation  of  uncharged  tRNAs,  resulting  in  activation 
of  GCN2  (general  control  nonderepressible  2),  a PK  and 
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Figure  1.  Schematic  of  nutrient  signaling  pathways  regulated  by  protein  and  amino  acid  restriction.  Left:  Yeast  nutrient  signaling  pathway  is  directly  affected  by  the 
availability  of  certain  amino  acids.  In  addition,  production  of  acetyl-CoA  can  be  modulated  by  branched  chain  amino  acid  Leu;  together  these  pathways  make  up  the  pro- 
aging and  growth  pathways  affecting  longevity.  Right:  An  oversimplified  representation  of  the  same  evolutionary  conserved  pathway  in  flies  that  are  affected  by  restriction 
of  proteins  and  essential  amino  acids,  in  particular.  Met.  These  restrictions  result  in  reduced  signaling  activity  of  the  TOR  network  and  decreased  activation  of  the  IIS 
pathway.  Abbreviations:  4E-BP,  eukaryotic  translation  initiation  factor  4E-binding  protein  1;  Achl,  acetyl  CoA  hydrolase;  Acs2,  acetyl  CoA  synthetase;  AKT,  RAC-alpha 
serine/threonine-protein  kinase;  CHICO,  insulin  receptor  substrate-1;  FOXO,  forkhead  box  O;  Gisl,  glycogenin-like  gene  1-2  suppressor-1;  Inr,  insulin-like  receptor;  Leu, 
leucine;  Msn,  multicopy  suppressor  of  SNF1  mutation;  PDS,  post  diauxic  shift;  Pkhs,  Pkb-activating  kinase  homolog  1-2;  PI3K,  phosphatidylinositol  3-kinase;  RIM15, 
regulator  of  IME2;  Sch9,  functional  ortholog  of  mammalian  S6  kinase;  Ser,  serine;  STRE,  STress  Response  Element;  Thr,  threonine;  TOR,  target  of  rapamycin;  Val,  valine. 
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important  regulator  of  the  general  AA  control  pathway, 
leading  to  slow  growth  [14].  Thus,  GCN2  plays  a role  in 
restoring  and  maintaining  metabolic  homeostasis  and 
growth  adaptation  in  response  to  culture  conditions  where 
AAs  are  scarce  [14]. 

The  levels  of  specific  AAs  can  also  affect  lifespan.  Wu 
et  al.  have  shown  that  restriction  in  methionine  (Met)  or  an 
increase  in  glutamic  acid  results  in  lifespan  extension  in 
yeast  [15] . However,  in  a screen  for  the  ability  of  each  AA  to 
sensitize  cells  to  oxidative  stress,  a phenotype  consistently 
correlated  with  reduced  longevity,  three  amino  acids  pre- 
viously not  associated  with  aging  were  shown  to  have  the 
most  potent  effect  on  cellular  protection,  DNA  damage,  and 
lifespan  [13].  When  cells  were  sensitized  to  oxidative  stress 
by  glucose  in  a Ras-dependent  manner,  AAs  serine  (Ser), 
threonine  (Thr),  and  valine  (Val)  were  the  only  three  that 
caused  a strong  sensitization  of  cells  to  oxidative  stress, 
and  promoted  aging  [13].  In  particular,  Ser  activated  the 
Pkhl/2  (PDK1/2  orthologs),  whereas  Thr  and  Val  activated 
TOR  signaling;  both  pathways  converged  to  activate  Sch9 
(Figure  1).  The  lack  of  these  AAs  was  sufficient  to  extend 
lifespan  but  also  to  decrease  age-dependent  DNA  damage 
[13,16  . Notably,  in  yeast,  glucose  has  a pro-aging  effect  that 
is  more  pronounced  than  that  caused  by  AAs  but  also  coop- 
erates with  AAs  to  accelerate  cell  damage  and  death  [13] . 

In  yeast,  catabolism  of  the  branched  chain  amino  acid 
(BCAA)  leucine  (Leu)  results  in  production  of  acetic  acid, 
which  can  subsequently  be  utilized  to  generate  acetyl-CoA 
in  a mitochondrial  Achl-dependent  or  nucleo-cytosolic 
Acs2-dependent  manner  (Figure  1)  [12,17].  Depending 
on  which  pathway  is  utilized  for  acetyl-CoA  production, 
changing  the  acetylation  state  of  histones  can  have  a major 
impact  on  cellular  longevity.  Histone  acetylation  is  affected 
by  accumulation  of  cytosolic  or  nuclear  acetyl-CoA.  Thus, 
the  histone  acetylation  and  cellular  protein  expression 
profile  in  response  to  internal  and  external  stimuli  are 
indirectly  affected  by  catabolism  of  BCAA  [12,17] 

In  summary,  biochemical  and  genetics  studies  in 
yeast  indicate  that  specific  AAs  and  glucose  promote 
aging  and  stress  sensitization  through  the  activation  of 
an  interconnected  network  of  signaling  enzymes  and 
downregulation  of  several  stress  resistance  transcription 
factors  (Figure  1). 

DR  and  lifespan  in  worms  and  flies 

Studies  in  nematodes,  together  with  those  in  yeast  and 
flies,  have  established  the  evolutionary  conservation  of 
nutrient-sensing  pathways,  and  in  particular  those  of 
the  insulin/insulin-like  growth  factor  signaling  (IIS)  and 
TOR-S6K  signaling  pathways.  Reduction  in  IIS  as  well  as 
of  TOR  and  S6K  promotes  lifespan  extension  in  this  or- 
ganism. TOR  activity  is  reduced  by  decreased  availability 
of  AA  and  growth  factors  [4,18-20].  Furthermore,  inhibi- 
tion of  the  TOR  AA-sensing  pathway  under  DR  conditions 
extends  nematode  lifespan  (Figure  1)  [4,21,22]. 

The  major  method  for  DR  in  Caenorhabditis  elegans 
involves  reducing  the  availability  of  Escherichia  coli,  or 
replacing  the  bacterial  food  source  with  a synthetic  medi- 
um [20,23,24].  However,  given  the  lack  of  purified  diets 
and  lack  of  studies  on  the  role  of  specific  components  of 
the  diet  on  longevity,  it  is  currently  difficult  to  elucidate  the 


relative  contributions  of  specific  AAs  and  protein  relative 
to  reduced  calorie  intake  in  C.  elegans  [25]. 

Well-studied  nematodes  mutants  such  as  eat-2  (ad465) 
live  longer,  when  maintained  on  decreased  food  uptake 

[26.27] .  The  effect  of  this  mutation  on  longevity  has  been 
linked  to  inhibition  of  TOR  network  signaling,  including 
reduced  phosphorylation  of  S6K  (which  regulates  develop- 
ment), mRNA  translation,  lipid  storage,  and  autophagy 

[19.27] .  Another  pro-longevity  process  that  is  likely  to  be 
regulated  in  part  by  AA  availability  is  the  increased 
autophagy  observed  in  daf-2/Inr  and  tor  mutants,  which 
is  partially  mediated  by  PHA-4/forkhead  box  (Fox)A;  a 
FoxA  transcription  factor  [19,28].  In  fact,  a recent  study 
has  shown  that  GCN2,  the  evolutionarily  conserved  kinase 
responsive  to  AA  deficiency,  may  be  able  to  mediate  life- 
span extension  under  DR  conditions  by  converging  on 
TOR/S6K  signaling  via  PHA-4/FoxA  transcription  factors 
and  its  downstream  target  genes  [27,29].  These  nematode 
studies  indicate  that  AAs,  through  the  interplay  of  nutri- 
ent-sensing pathways  and  IIS,  play  a critical  role  in  lon- 
gevity and  aging,  but  also  underlines  the  need  to  study 
them  further  and  to  describe  the  connection  between  each 
AA  and  the  various  pathways  implicated  in  aging. 

In  flies,  DR  can  be  achieved  by  changing  the  content  of 
sugar  and  yeast  (protein  source)  in  the  food  media  without 
affecting  the  calorie  content  of  the  diet.  A potent  effect  in 
increasing  lifespan  was  observed  when  the  concentration 
of  calories  from  yeast  was  reduced  rather  than  calories 
from  sugar,  which  indicates  a greater  influence  of  protein 
compared  to  carbohydrates  on  mortality  [30].  Experiments 
testing  the  independent  effect  of  AAs  show  that  in  compar- 
ison to  nonessential  AAs  (NEAAs),  adding  back  all  essen- 
tial AAs  (EAAs)  decreases  survival.  Moreover,  although 
omission  of  Met  extends  lifespan,  omission  of  tryptophan 
(Trp)  does  not  increase  survival,  thus  indicating  the  impact 
of  Met  availability  on  lifespan  extension  [31] . The  impact  of 
DR  and  AA  restriction  in  flies  has  recently  been  reviewed 
extensively  elsewhere  [30] . 

Recent  studies  indicate  that  longevity  in  Drosophila  is 
influenced  not  only  by  protein  intake  but  also  by  the 
interplay  between  carbohydrate  and  protein  ingestion 
[32-35].  A study  using  Queensland  fruit  fly  (. Batrocera 
tryoni)  and  chemically  defined  diets  that  allow  for  the 
manipulation  of  the  ratio  of  protein  (free  AAs)  to  carbohy- 
drates (sucrose)  while  keeping  other  nutrients  consistent, 
found  that  caloric  effects  are  dependent  upon  the  protein  to 
carbohydrate  ratio,  and  noted  that  lifespan  decreased  mono- 
tonically  as  diets  became  more  protein  rich  [33  . Similar 
observations  were  made  in  Drosophila  studies  designed  to 
obtain  accurate  measurements  of  nutrient  intake  by  use  of 
radioisotope  labeling,  or  individually  housed  flies  fed  diets 
varying  in  both  the  ratio  of  yeast  to  sucrose  and  the  total 
concentration  of  yeast  and  sugar  combined  [32,34].  Taken 
together,  studies  in  Drosophila  indicate  that,  individual 
nutrients  and  particularly  the  levels  of  proteins/AAs  rather 
than  calories  alone  are  key  mediators  of  lifespan,  in  agree- 
ment with  the  findings  in  S.  cerevisiae  (Figure  1). 

AAs,  proteins,  longevity,  and  healthspan  in  rodents 

Mice  represent  perhaps  the  most  commonly  used  model  to 
explore  the  role  of  genes  and  processes  associated  with 
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Figure  2.  Model  of  pro-aging  nutrient  signaling  pathways  altered  by  protein  and  amino  acid  restriction  in  mammals.  Intake  of  high  levels  of  protein  and  fats,  especially  from 
animal  sources  has  been  associated  with  decreased  healthspan  in  both  humans  and  mouse  models.  By  contrast,  low  levels  of  dietary  protein,  in  particular  protein  derived 
from  plants,  show  an  inverse  correlation  with  risk  of  CVD,  diabetes,  and  some  types  of  cancer,  based  on  human  and  mouse  studies.  Pro-aging  pathways  are  inhibited  by  the 
restriction  of  protein  or  amino  acids  via  the  amino  acid  sensing  mTOR  and  GCN2  pathways.  Restriction  of  essential  amino  acids  results  in  elevated  uncharged  tRNAs,  which 
in  turn  activates  the  amino  acid  deficiency  sensing  GCN2  pathway  yielding  reduced  mTOR  network  activity.  BCAAs,  lie,  Val,  and  Leu,  affect  production  of  acetyl-CoA,  which 
in  turn  plays  a role  in  regulation  of  lifespan  by  modulating  the  activity  of  autophagy  response.  A direct  protein/amino  acid  availability  also  positively  regulates  the  pro-aging 
GH-IGF-I  axis.  Cytoplasmic  availability  of  acetyl-CoA  differentially  regulates  autophagy  and  subsequently  modulates  longevity.  Abbreviations:  4E-BP,  eukaryotic  translation 
initiation  factor  4E-binding  protein  1;  AKT,  RAC-alpha  serine/threonine-protein  kinase;  Arg,  arginine;  ATF,  activating  transcription  factor;  BCAA,  branched-chain  amino  acid; 
CVD,  cardiovascular  disease;  FOXO,  forkhead  box  O;  GCN,  general  control  nonderepressible;  GH,  growth  hormone;  His,  histidine;  IGF,  insulin-like  growth  factor;  lie, 
isoleucine;  Leu,  leucine;  Lys,  lysine;  Met,  methionine;  mTOR,  mammalian  target  of  rapamycin;  Phe,  phenylalanine;  PI3K,  phosphatidylinositol  3-kinase;  S6K,  S6  kinase;  Trp, 
tryptophan;  Val,  valine. 


lifespan  extension  in  mammals.  As  in  nonmammalian 
models,  reduction  in  IIS  and  TOR  signaling  extends  life- 
span [4].  Remarkably,  insulin/I GF-I  signaling-deficient 
mice  have  a delayed  occurrence  of  fatal  neoplasms,  in- 
creased insulin  sensitivity,  and  a reduction  in  age-depen- 
dent cognitive  impairment,  including  protection  from 
Alzheimer’s  disease  (AD)-like  associated  pathologies,  as 
shown  in  a model  of  AD  [4,36].  Similarly,  inhibition  of 
mTOR/S6K  signaling  results  in  increased  lifespan  and 
reduction  of  age-associated  pathologies  [4,21  . 

In  rodents,  low  protein  diets  are  associated  with  im- 
proved healthspan,  increased  lifespan,  and  inhibition  of 
hepatitis  B virus  expression  and  consequent  development 
of  hepatocellular  carcinoma,  among  other  neoplasms 
[37,38]. 

Although  earlier  studies  attributed  increases  in  lifespan 
to  reduced  calories  rather  than  to  the  reduction  of  individ- 
ual nutrients  [39]  recent  research  indicates  that  varying 
the  proportions  and  quality  of  individual  dietary  compo- 
nents can  regulate  aging  independently  of  caloric  intake 
[39,40].  To  date,  several  studies  have  shown  decreased  age- 
related  pathologies  and  lifespan  extension  through  the 
modulation  of  protein  intake  [25,39-41  . Low  protein  diets 
have  been  demonstrated  to  reduce  spontaneous  tumor 
formation,  and  have  been  implicated  in  mimicking  the 
effects  of  CR  in  improving  renal  function  [39  . In  the  past 
few  decades  it  has  also  been  demonstrated  that  PR  or 
restriction  in  Trp  or  Met,  can  extend  longevity  [25,42-44]. 


The  effect  of  AAs  on  the  activation  of  the  IGF-I  and 
TOR-S6K  pathways  is  likely  to  be  an  important  factor  in 
explaining  the  lifespan  extension  in  AA-restricted  organ- 
isms (Figure  2).  In  rodents,  restricting  Trp  intake  delays 
sexual  maturation  and  tumor  onset,  improves  hair  growth 
and  coat  condition,  protects  against  ischemia/reperfusion 
injury  to  both  kidney  and  liver,  and  increases  maximum 
health  span  [25,39,45].  The  protective  effects  of  Met  re- 
striction instead  may  be  caused  in  part  by  decreased 
mitochondrial  reactive  oxygen  species,  serum  glucose,  in- 
sulin, and  IGF-I  levels,  and  altered  lipogenic/lyipolytic 
balance  contributing  to  loss  of  adiposity  [25,39].  Restric- 
tion of  Leu,  may  also  contribute  to  longevity  by  improving 
insulin  sensitivity  [25,46].  However,  to  date,  only  Trp  and 
Met  restriction  has  been  shown  to  extend  longevity  in  mice 
(Figure  2)  [25]. 

The  TOR  and  GCN2  AA-response  pathways  control 
processes  that  may  contribute  to  the  benefits  observed 
in  response  to  PR,  including,  autophagy,  energy  metabo- 
lism, immune  function,  and  food  intake  [25] . Evidence  from 
murine  models  suggests  that  the  crosstalk  between  TOR 
and  GCN2  occurs  upstream  of  mammalian  target  of  rapa- 
mycin complex  1 (mTORCl).  Activation  of  mTORCl  is 
possible  through  the  cooperation  between  Leu  and  gluta- 
mine which  enhance  glutaminolysis  and  2-oxoglutarate 
(a-ketoglutarate)  production  [47].  Cell  culture  experiments 
with  rodent-derived  cell  lines  indicate  that  the  presence 
of  AAs  stimulates  S6K  phosphorylation,  whereas  their 
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absence  results  in  a rapid  dephosphorylation  of  S6K  and 
eukaryotic  translation  initiation  factors  4E-binding  pro- 
tein (4E-Bpl),  and  arrests  the  growth-factor-dependent 
stimulation  of  S6K  activity.  The  AA  deficiency-dependent 
activation  of  GCN2  is  the  result  of  an  increase  in  un- 
charged tRNAs  formed  from  the  lack  of  specific  AAs  [25] . 
Although  few  studies  have  investigated  the  connection 
between  AA  deprivation,  GCN2,  and  longevity,  protein 
deficiency  is  expected  to  promote  longevity  in  part  by 
repressing  mTOR  and  possibly  by  activating  GCN2. 

AAs  are  known  to  accumulate  in  the  lysosome,  which  is 
important  for  catabolic  processes  such  as  autophagy,  but  is 
also  a mTORCl  signaling  site.  The  presence  of  AAs  causes 
mTORCl  to  translocate  from  the  cytoplasm  to  the  lyso- 
somal surface  where  it  may  interact  with  the  Rheb 
GTPase.  Recent  evidence  has  shown  that  Rag  GTPases, 
which  lie  downstream  of  AAs,  are  necessary  for  mTORCl 
lysosomal  translocation  to  occur,  by  communicating  avail- 
ability of  AAs  to  mTORCl.  However,  further  studies  are 
required  to  determine  how  they  are  modulated  during  CR 
or  PR  [48].  Tissue  culture  and  mouse  model  experiments 
have  demonstrated  that  autophagy,  as  a mechanism  to 
restore  cellular  homeostasis,  is  in  part  regulated  by  the 
availability  of  acetyl-CoA.  In  mammals,  three  different 
pathways  are  utilized  to  produce  acetyl-CoA  including 
the  catabolism  of  BCAAs.  Thus,  availability  of  these  AAs 
in  the  cellular  environment  directly  affects  acetyl-CoA 
production,  which  in  turn  is  involved  in  epigenetic  modifi- 
cation of  histones  and  regulation  of  autophagy,  affecting 
lifespan  (Figure  2)  [49,50].  This  observation  is  in  line  with 
findings  in  yeast,  discussed  above,  underlining  the  con- 
served role  of  BCAA  in  longevity  regulation  (Figure  1) 
[12,17]. 

A potential  artifact  associated  with  PR  studies  in 
rodents  is  the  argument  that  both  protein  and  AA  restric- 
tion decrease  food  consumption,  which  raises  the  possibili- 
ty that  some  of  the  effects  of  PR  may,  in  fact,  be  due  to  CR 
[39,51  . The  use  of  isocaloric  diets  designed  to  restrict 
protein  or  sucrose  while  increasing  the  calories  from  fat 
and  complex  carbohydrates,  has  helped  address  this  con- 
cern. In  the  case  of  AA  restriction,  EAAs  or  NEAAs  known 
to  influence  IGF-I,  TOR,  and  GCN2  signaling  were  re- 
moved and  replaced  with  isocaloric  levels  of  other  AAs 
in  order  to  maintain  an  equal  level  of  calorie  and  nitrogen 
intake  (Figure  2). 

In  light  of  these  confounders,  a recent  study  used  a 
method  (Geometric  Framework)  to  distinguish  between 
the  interactive  effects  of  dietary  macronutrients  on  appe- 
tite, total  energy  intake,  metabolic  health,  and  longevity 
outcomes  in  mice  fed  ad  libitum  [52,53].  Their  results 
indicate  that  protein  and  carbohydrates  dominate  the 
intake  feedbacks.  Meaning  that  protein  and  carbohydrates 
but  not  fat  are  the  driving  factors  to  consume  food  under 
these  conditions  (i.e.,  compensatory  feeding  to  meet  target 
requirements).  Interestingly,  leptin  feedback  from  body  fat 
is  not  associated  with  lower  energy  intake.  The  overall 
interpretation  of  these  results  is  that  intake  is  passive  for 
fat  when  in  excess,  in  order  to  facilitate  reaching  the  target 
levels  of  protein  and  carbohydrate  ingestion  [53  . 

As  suggested  by  recent  studies  in  nonmammalian 
models,  the  balance  between  protein  and  carbohydrate 


consumption  can  influence  lifespan.  Given  that  both 
IGF-I  and  mTOR  signaling  are  activated  by  AAs,  and  that 
inhibition  of  growth  hormone  receptor  (GHR)-IGF-I  and 
TOR-S6K  signaling  cause  major  longevity  and/or  health- 
span  extension  [4,21,25],  these  protective  effects  may  be 
replicated  through  reduced  protein  intake.  In  fact,  in  a 
rodent  study  testing  various  combinations  of  different 
sources  of  macronutrients  in  the  diet,  the  longest  lifespan 
was  achieved  by  a low  protein  high  carbohydrate  diet  [53] . 
Furthermore,  an  increase  in  protein:carbohydrate  ratio  is 
accompanied  by  an  increase  in  hepatic  mTOR  activation  in 
agreement  with  the  finding  that  mTOR  activation  is  regu- 
lated by  changes  in  BCAAs  and  glucose  levels  [53].  BCAAs 
and  insulin  activate  mTOR  and  are  required  to  activate 
downstream  pathways,  leading,  the  authors  to  conclude 
that  the  low  protein  and  high  carbohydrate  longevity  diet 
results  in  both  low  mTOR  activation  and  low  insulin  levels, 
while  also  accounting  for  compensatory  feeding  driven  to 
meet  protein  and  carbohydrate  requirements  [53].  These 
rodent  studies  point  to  protein-  and  AA-dependent  effects 
on  aging  via  the  stimulation  of  GHR-IGF-I  and  TOR-S6K 
signaling,  but  also  underline  the  need  to  explore  how  life- 
span is  further  affected  by  the  quality  and  composition  of 
different  sources  of  proteins,  fats,  and  carbohydrates. 

Effects  of  CR  in  non-human  primates 

Although  a multitude  of  studies  have  shown  that  CR 
extends  lifespan  in  most  model  organisms,  studies  in 
non-human  primate  models  have  not  been  conclusive. 
Two  prominent  studies,  the  Wisconsin  National  Primate 
Research  Center  (WNPRC)  from  the  University  of  Wiscon- 
sin and  one  from  the  National  Institute  on  Aging  (NIA), 
have  evaluated  the  effects  of  CR  (caloric  intake  reduced  by 
30%)  on  rhesus  monkeys  [54-56] . The  two-decade  longitu- 
dinal adult-onset  WNPRC  investigation  reported  13%  mor- 
tality in  the  CR  group  in  comparison  to  the  37%  mortality 
in  the  control  diet  group  [54].  By  contrast,  the  25-year 
study  of  a CR  regimen  implemented  in  young  and  older  age 
rhesus  monkeys  at  the  NIA,  showed  no  difference  in  life- 
span between  control  and  CR  animals  [56].  A follow-up 
report  from  the  WNPRC  study  extended  their  original 
findings  and  concluded  that  despite  different  observation 
with  regard  to  lifespan  extension,  both  WNPRC  and  NIA 
investigations  support  the  beneficial  impact  of  CR  on 
healthspan  in  non-human  primates  [55]. 

Comparison  of  the  two  studies  reveals  the  following 
differences:  the  NIA  monkeys  were  fed  a diet  containing 
natural  ingredients  with  17.3%  of  calorie  intake  from 
protein  and  5%  from  fat.  By  contrast,  animals  in  the 
WNPRC  study  were  fed  a semipurified,  nutritionally  forti- 
fied diet  providing  15%  of  calorie  intake  from  proteins  and 
10%  from  fat.  Moreover,  in  the  NIA  diet,  protein  was 
derived  from  wheat,  corn,  soybean,  fish,  and  alfalfa  meal, 
whereas  the  WNPRC  diet  used  only  lactalbumin  as  the 
protein  source.  In  both  studies,  the  diets  contained  57-61% 
carbohydrates  by  weight.  However,  the  source  of  carbohy- 
drates in  the  WNPRC  diet  was  from  corn,  starch,  and 
28.5%  sucrose,  whereas  the  NIA  diet  was  primarily  com- 
prised of  ground  wheat  and  corn  with  only  3.9%  sucrose. 
Lastly,  the  control  animals  in  the  WNPRC  investigation 
were  truly  fed  ad  libitum , whereas  in  the  NIA  investigation, 
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control  animals  were  not.  Considering  the  variations  in  food 
ingredients  in  the  two  studies,  one  explanation  for  the 
different  outcomes  in  regard  to  lifespan  could  be  due  to 
the  different  carbohydrate  sources  as  well  as  differences 
in  protein  source  and  AA  composition  between  plant-based 
proteins  sources  (NIA)  and  lactalbumin  (WNPRC).  As 
highlighted  in  this  review,  there  is  an  increasing  amount 
of  evidence  supporting  unfavorable  effects  of  high  protein 
diets,  and  in  particular,  dietary  protein  derived  from 
animal  sources  in  contrast  to  plant  sources,  (see  following 
section).  [16,57].  Thus,  it  is  possible  that,  in  the  NIA 
study,  the  control  animals  were  at  a lower  risk  for  mortal- 
ity due  to  the  mostly  plant-based  sources  of  proteins. 

Protein  intake  aging  and  disease  in  humans 

In  the  past  decade,  several  cohort  studies  have  indepen- 
dently evaluated  the  impact  of  protein  intake  on  health 
and  the  prevalence  of  diseases,  including  CVD,  diabetes, 
and  cancer.  A comparative  review  of  all  major  US  and 
Swedish  cohort  studies  indicates  a positive  correlation 
between  the  high  intake  of  animal-derived  protein  and 
adverse  long-term  side  effects  that  manifest  as  chronic 
and  aging-related  disease.  A recent  article  proposed  this 
possibility,  based  on  the  US  NHANES  III  database,  which 
includes  dietary  intake  data.  When  the  50  years  and  older 
population  of  >6000  people  was  considered,  protein  intake 
was  not  associated  with  increased  mortality.  However, 
when  the  population  was  divided  into  50-65  and  >65  years 
age  groups,  the  younger  group  reporting  consumption  of 
>20%  of  calories  from  proteins  had  a fourfold  increased 
risk  for  cancer  mortality  and  a 75%  increase  in  overall 
mortality,  compared  to  individuals  reporting  consuming 
<10%  of  calories  from  proteins  [16].  Interestingly,  when 
the  source  of  proteins  was  mostly  plant-derived,  the  asso- 
ciation between  high  protein  intake  and  mortality  was 
abolished,  whereas  that  on  cancer  mortality  was  attenuat- 
ed [16  . Because  the  higher  protein  intake  group  also  had  a 
higher  level  of  IGF-I,  a factor  that  decreases  with  aging, 
the  authors  proposed  that  although  individuals  <65  years 
may  benefit  from  reduced  protein  intake  and  the  reduced 
levels  of  growth  factors,  the  older  group  is  not.  In  fact, 
individuals  >65  years  who  reported  consuming  a low 
protein  diet  displayed  increased  mortality  compared  to 
those  reporting  a moderate  to  high  protein  intake.  These 
results  were  supported  by  animal  experiments  showing 
that  young  but  not  old  mice  could  maintain  normal  weight 
after  being  placed  on  a very  low  protein  diet,  indicating 
that  protein  and  AA  absorption,  processing,  or  utilization 
are  negatively  affected  by  aging.  Experiments  in  mice  also 
supported  the  role  of  high  protein  consumption  on  increas- 
ing IGF-I  and  decreasing  the  IGF-I  inhibitor  protein,  IGF 
binding  protein  (IGFBP)l  and  in  promoting  both  the  inci- 
dence and  progression  of  both  melanoma  and  breast  cancer 
[16]. 

Although  not  directly  focused  on  protein  intake  and 
mortality,  a 26-year  follow-up  of  the  Nurses’  Health  Study 
(NHS)  cohort  and  a 20-year  follow-up  of  the  Health  Profes- 
sionals’ Follow-up  Study  (HPFS)  cohort  provided  impor- 
tant evidence  for  the  association  between  dietary  proteins 
and  health.  In  these  studies,  a different  score  was  assigned 
to  each  of  the  macronutrients  based  on  the  estimated 


energy  intake,  thus  enabling  the  investigators  to  distin- 
guish between  the  impact  of  each  macronutrient  group  on 
health  and  mortality.  This  allowed  for  the  division  of 
individuals  into  decile  groups  ranging  from  1 to  10.  Among 
the  85  168  women  included  in  the  NHS  cohort  and  the 
44  548  men  included  in  the  HPFS  cohort,  a total  of  5204 
deaths  from  CVD  and  8740  deaths  from  cancer  were 
observed  from  the  21  233  documented  cumulative  deaths 
[57  . When  the  intake  was  mostly  from  animal-based 
products,  the  lowest  carbohydrate  intake  score  was  associ- 
ated with  higher  all-cause  mortality  in  both  men  and 
women,  with  a hazard  ratio  (HR)  of  1.23  [confidence  inter- 
val (Cl):  1.11-1.37]  [57  . By  contrast,  a vegetable-based 
low-carbohydrate  regimen  was  associated  with  both  lower 
all-cause  mortality  and  CVD  mortality  rates  in  both 
cohorts  (HR,  0.80,  Cl:  0.75-0.85)  [57].  The  study  concluded 
that  a low  carbohydrate  diet  rich  in  animal-based  food 
increased  mortality,  but  in  fact,  the  study  also  showed  that 
the  same  low  carbohydrate  intake  group  had  the  highest 
protein  intake  with  >22%  of  daily  calories  derived  from 
proteins. 

An  independent  investigation  regarding  protein  intake 
among  men  in  the  HPFS  cohort  and  its  impact  on  stroke 
incidence  and  ischemic  heart  disease  (IHD)  indicated  no 
statistically  significant  associations  between  the  1057  inci- 
dents of  stroke  and  the  2959  incidents  of  IHD  with  respect 
to  total  protein  intake.  However,  when  comparing  the  top 
and  bottom  quintile  groups  of  protein  source  for  either  an 
animal-  or  plant-based  diet,  there  was  an  inverse  correla- 
tion between  higher  plant-based  protein  intake  and  stroke 
or  IHD,  but  a positive  correlation  between  higher  animal 
protein  intake  and  CVDs  [58,59]. 

Similarly,  in  a multivariable  analysis  of  the  NHS  cohort, 
which  recorded  2210  cases  of  nonfatal  infarctions  and  952 
deaths  from  coronary  heart  disease,  investigators  found  a 
direct  correlation  between  the  risk  of  IHD  among  women 
and  an  increase  in  red  meat  and  high-fat  dairy  intake  [60]. 
By  contrast,  a lower  risk  was  associated  with  high  intake  of 
nuts,  beans,  and  low-fat  dairy  products  [60].  Meta-data 
analysis  of  the  NHS  cohort  also  suggests  a correlation 
between  high  consumption  of  red  or  processed  meat  and 
increased  risk  for  colorectal  cancer  [61].  Furthermore,  a 
study  evaluating  a multiethnic  cohort  of  29  759  Caucasian, 
35  244  Japanese-American,  and  10  509  native  Hawaiian 
men  and  women  in  Hawaii,  aged  45-75  years  at  baseline, 
indicated  a positive  correlation  between  red  and  processed 
meat  intake  and  increased  risk  for  diabetes  [62] . 

Similar  to  the  observations  for  US  cohorts,  in  a cohort  of 
43  396  Swedish  women,  a 1/10  decrease  in  carbohydrate 
intake  or  a 1/10  increase  in  protein  intake  was  associated 
with  statistically  significant  increases  in  incidence  of  CVD. 
For  this  study,  a 1/10  change  in  carbohydrate  or  protein 
intake  corresponded  to  a 5-g  increase  in  protein  intake  or 
20-g  reduction  in  carbohydrate  intake,  resulting  in  a 5% 
increase  in  CVD  risk  [63] . The  study  found  that  individuals 
often  substituted  carbohydrates  with  animal  protein, 
explaining  the  overall  increase  in  protein  intake.  By  con- 
trast, in  a Northern  Swedish  population-based  cohort, 
one  study  found  no  general  association  between  a low- 
carbohydrate,  high-protein  score  and  mortality  [64] . An 
advantage  of  the  Swedish  cohorts  over  the  American 
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cohorts  is  that  the  nationwide  data  linkage  in  Sweden 
allows  for  virtually  complete  follow-up  and  objective  ascer- 
tainment of  cardiovascular  outcomes. 

Although  the  overwhelming  majority  of  studies  point  to 
a negative  effect  of  high  protein  intake,  the  lack  of  an 
association  between  protein  intake  and  diseases  in  a few 
studies  may  be  explained  by  the  existence  of  two  or  more 
groups  in  which  protein  intake  may  have  positive  or  nega- 
tive effects  depending  on  the  age  range,  as  shown  by  Levine 
et  al. 

Similar  to  rodent  studies,  human  clinical  studies  have 
demonstrated  that  reduction  in  protein  intake  results  in 
reduced  IGF-I  concentration  [65,66].  In  agreement  with 
this  observation,  a study  evaluating  refeeding  of  under- 
nourished Bangladeshi  children,  compared  to  control  age- 
matched  healthy  American  children,  showed  significantly 
higher  increase  in  IGF-I  in  the  group  receiving  high  protein 
diet,  versus  normal  protein  diet  [65].  Although  long  term 
CR  by  itself  does  not  affect  IGF-I  levels,  when  it  is  com- 
bined with  reduced  protein  intake  it  results  in  significant 
reduction  in  total  IGF-I  concentration  [66]. 

Rodent  studies  have  shown  that  inhibition  of  the  pro- 
tein-activated GHR-IGF-I  axis  results  in  a 40%  longevity 
extension,  and  causes  remarkable  reduction  in  age-related 
pathologies  [67].  Similarly,  a 22-year  investigation  of  the 
inhabitants  of  a small  town  in  Ecuador  who  are  deficient  in 
GHR  and  IGF-I  also  demonstrated  that  GHR-IGF-I  defi- 
ciency is  linked  to  protection  against  chronic  and  aging- 
related  pathologies,  including  cancer  and  diabetes  [68]. 
Therefore,  both  mouse  and  human  studies  indicate  that 
protein  intake  accelerates  aging  and  increases  the  inci- 
dence of  age-related  diseases,  at  least  in  part  by  activating 
the  GHR-IGF-I  axis. 

Effects  of  high  protein  intake  in  the  elderly 

One  of  the  limitations  of  the  studies  listed  above  is  the 
combined  analysis  of  all  age  groups.  Although  decreased 
protein  intake  has  been  shown  to  reduce  detrimental 
aging-related  phenotypes  in  middle-aged  adults,  it  is  es- 
sential to  understand  what  the  role  of  proteins  is  for  groups 
of  different  ages.  An  important  consideration  is  that  pro- 
tein intake  is  critical  for  several  physiological  pathways, 
including  maintaining  a positive  nitrogen  balance,  by  pro- 
viding essential  AAs  to  counter  muscle  loss  due  to  catabolic 
pathways  and  growth  in  individuals  over  65  years  of  age. 

Over  the  past  two  decades  many  investigators  have 
attempted  to  assess  the  protein  needs  of  the  elderly  popu- 
lation. Some  studies  have  proposed  that  the  optimal  pro- 
tein dose  can  be  established  by  calculating  the  short-term 
protein  intake  required  to  replenish  the  nitrogen  that  is 
lost,  to  achieve  nitrogen  homeostasis.  However,  these 
studies  have  been  mostly  inconclusive,  with  some  reports 
supporting  the  current  Recommended  Dietary  Allowance 
(RDA),  and  others  suggesting  that  a higher  protein  intake 
is  needed  in  healthy  older  adults  [69]. 

High-quality  protein  is  defined  by  AA  composition,  as 
measured  by  EAA  score,  digestibility,  absorption,  and 
regulatory  roles  of  specific  AAs  in  cellular  processes  [70]. 
Although  muscle  protein  synthesis  is  stimulated  by  in- 
creased protein  consumption,  protein  intake  of  >30  g per 
serving  does  not  further  stimulate  this  response  [71]. 


Furthermore,  muscle  protein  synthesis  is  attenuated  in 
the  elderly  upon  limitation  of  EAAs,  specifically  Leu,  and 
when  protein  intake  is  accompanied  by  glucose  intake 
[69,71,72].  The  current  RDA  recommendation  for  protein 
intake  is  0.8  g/kg/day  of  quality  protein  for  healthy  adults. 
However,  growing  evidence  suggests  that  this  amount  of 
protein  may  not  be  sufficient  for  at  least  some  individuals 
over  the  age  of  65  years  [16]. 

In  contrast  to  the  RDA  recommendation,  the  PROT- 
AGE  Study  Group  that  represents  the  European  Union 
Geriatric  Medical  Society  (EUGMS),  the  International 
Association  of  Gerontology  and  Geriatrics  (IAGG),  the 
International  Academy  on  Nutrition  and  Aging  (I  AN  A), 
and  the  Australian  and  New  Zealand  Society  for  Geriatric 
Medicine  (ANZSGM),  recommends  a daily  protein  intake  of 
1.0-1. 2 g/kg/day  for  older  adults  in  order  to  maintain 
muscle  mass  and  regain  muscle  loss  from  sarcopenia. 
PROT-AGE  also  advocates  that  the  elderly  should  con- 
sume 25-30  g of  protein  per  meal,  containing  about  2.5- 
2.8  g of  Leu  [70,73].  In  further  support  of  these  findings,  a 
meta-analysis  study  showed  that  a multi-nutrient  oral 
supplement  of  high  protein  concentration  significantly 
improved  handgrip  strength  test  and  resulted  in  signifi- 
cant overall  reduction  in  a range  of  complications  in  elderly 
adults  [74].  This  study  evaluated  a randomized  controlled 
trial  community  of  patients  >65  years  of  age  who  suffered 
from  chronic  obstructive  pulmonary  disease,  gastrointes- 
tinal disease,  and  hip  fracture.  Exceptions  to  this  recom- 
mendation are  for  older  individuals  with  severe  kidney 
disease  (not  on  dialysis),  who  require  a reduced  protein 
regimen  [70].  However,  biological  age  is  different  from 
chronological  age,  and  therefore,  it  is  likely  that  a high 
and  even  a moderate  protein  intake  (>20%  and  10-20%  of 
calories  from  proteins,  respectively)  can  provide  some 
benefits  in  people  suffering  from  specific  pathologies,  but 
may  still  promote  aging,  cancer  and  overall  mortality  in 
individuals  older  than  65  years  but  otherwise  healthy. 
Because  a moderate  protein  intake  from  plant-based 
sources  after  age  65  years  was  not  associated  with  in- 
creased mortality,  1.0  g/kg/day  of  plant-derived  proteins 
is  expected  to  be  the  most  effective  in  providing  adequate 
nourishment  without  excess  activation  of  GHR-IGF-I  sig- 
naling, which  is  expected  to  promote  cancer  and  overall 
mortality.  This  protein  intake  is  also  consistent  with  the 
recommendation  by  geriatricians,  although  it  uses  the 
lower  point  of  the  recommended  range  and  plant-derived 
proteins  instead  of  any  protein  source.  It  will  be  important 
to  determine  whether  elderly  individuals  may  also  benefit 
from  a high  intake  of  animal-based  proteins  and  to  deter- 
mine how  each  source  of  proteins  may  affect  IGF-I  levels 
and  aging. 

Okinawa,  Southern  Italy,  centenarians,  and  prevalence 
of  disease 

In  the  areas  of  Giuliana,  Bisacquino,  and  Chiusa  Sclafani 
in  Western  Sicily,  the  prevalence  of  centenarians  per 
inhabitants  is  sixfold  higher  than  the  national  average 
and  14-fold  higher  than  the  national  average  for  male 
centenarians.  An  evaluation  of  lifestyle  and  diet  of  the 
inhabitants  of  this  region  revealed  a strong  adherence  to 
the  Mediterranean  diet  [75,76] . Their  lifestyle  can  be 
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summarized  by  moderate  physical  activity  and  three  small 
meals  comprised  of  small  amounts  of  carbohydrates  and 
meat  and  large  amounts  of  seasonal  fruits  and  vegetables, 
beans,  olives,  and  olive  oil.  These  lifestyle  and  diet  prac- 
tices are  associated  with  better  health  status  as  deter- 
mined by  cardiovascular  risk  factors,  obesity,  diabetes,  and 
hypertension,  and  subsequently  a lower  rate  of  mortality 
[75-77]. 

Similar  to  the  centenarians  in  Southern  Italy,  studies  of 
one  of  the  longest  lived  populations  in  the  world,  the 
Okinawans,  during  the  1950s,  have  revealed  a dietary 
regimen  rich  in  vegetables,  fruits,  and  grains,  with  only 
9%  of  calories  coming  from  proteins,  mostly  plant-based 
[78].  Although  the  diet  of  the  Okinawans  is  changing  and 
becoming  more  westernized,  many  of  the  centenarians  still 
maintain  dietary  habits  similar  to  those  adopted  in  the 
1950s,  when  they  were  young  adults.  Thus,  the  diets  of 
some  of  the  longest-lived  populations  from  around  the 
world  are  mostly  plant-based  low  protein  diets  [79-82], 
in  agreement  with  the  animal  and  epidemiological  studies 
discussed  above  and  also  in  agreement  with  the  hypotheses 
that  protein  intake  is  at  the  center  of  many  diseases  [37]. 
However,  the  potentially  negative  effect  of  low  protein 
intake  in  the  elderly  population  underlines  the  need  for 
multidisciplinary  approaches  that  take  into  consideration 
biogerontology,  epidemiology,  centenarian  studies,  and 
clinical  trials  in  order  to  identify  dietary  recommendations 
that  optimize  healthspan. 

Concluding  remarks  and  future  perspectives 

In  conclusion,  we  have  presented  evidence  from  inverte- 
brate, mammalian,  and  primate  model  organisms,  epide- 
miological findings,  and  human  studies  that  show  a clear 
link  between  protein  and  AA  intake,  activation  of  pro-aging 
and  disease-promoting  pathways  (Figures  1 and  2),  and  the 
incidence  of  age-related  diseases  and  reduced  lifespan.  In 
particular,  high  consumption  of  proteins  from  red  meat 
and  other  animal  sources  appears  to  be  associated  with  a 
wide  range  of  diseases.  Although  this  review  focuses  on  the 
detrimental  effects  of  proteins,  it  does  not  diminish  the 
potentially  negative  effects  of  certain  types  of  carbohy- 
drates and  fats,  which  have  been  reviewed  elsewhere. 
Studies  comparing  healthspan  and  mortality  in  groups 
randomized  to  either  a low  or  high  protein  diet  together 
with  additional  basic  research  on  the  mechanisms  of  pro- 
tein-dependent damage  are  necessary  to  identify  diets  that 
minimize  the  burden  on  the  population  while  maximizing 
protective  effects. 
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